Abstract The emerging role of microRNAs (miRNAs) in the epigenetic regulation of many cellular processes has become recognized in both basic research and translational medicine as an important way that gene expression can be fine-tuned. Breast cancer is the most frequent cancer in women, with about one million new cases diagnosed each year worldwide. Starting with the early work of miRNA profiling, more effort has now been put on functions of miRNAs in normal mammary stem cells, breast cancer initiating cells and metastatic cells, and therapy-resistant cancer cells. Future translational studies may focus on identifying miRNA signatures as cancer biomarkers and developing miRNA-based targeted therapeutics.
Introduction
The discovery in the 1990s of microRNAs (miRNAs, miRs), powerful epigenetic regulators that have an overall inhibitory effect on expression of genes, opened a new layer of regulation in understanding both normal and cancer development. This also initiated the exploration for the use of miRNAs in therapeutic applications. With a length of 20-22 nucleotides, miRNAs are small non-coding single-stranded RNAs transcribed from genomic DNA and processed to mature miRNAs by Drosha in the nucleus and subsequently Dicer in the cytoplasm [1, 2] . Although most miRNAs are yet to be characterized in terms of function and the signaling pathways that they regulate, certain mammalian miRNAs have emerged as critical regulators of stem cell function, self-renewal, epithelial-mesenchymal transition (EMT), cancer initiation, therapy resistance, and metastasis [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Based on American Cancer Society data (http://www. cancer.org), breast cancer still remains the most frequent cancer among American women, with an estimated 230,000 (29 %) new cases diagnosed and about 40,000 (14 %) deaths in 2012. It is therefore essential to better understand the underlying molecular mechanisms and to develop more effective treatments. Translational medicine is needed to efficiently bridge basic research and clinical medicine with novel biomarkers and therapeutics.
In this review, we will focus on the expression and function of miRNAs in normal mammary development, breast cancer initiation and progression, and the potential clinical applications using miRNAs as novel biomarkers and therapeutics.
MicroRNAs in normal mammary stem cells
In the mammary gland, multi-potent epithelial stem cells and progenitors are thought to generate and maintain both myoepithelial and luminal epithelial lineages, each with a distinct expression status of cytokeratins (e.g., CK14 and CK8) and estrogen receptor (ER) [16] . Mouse and human multi-potent mammary epithelial stem cells have been identified based on in vitro and in vivo functional assays of sorted cells using cell surface markers, such as CD24 and CD49f [17] , CD24 and CD29 [18] , CD49f and EpCAM [19] , or ALDH1 [20] . Utilizing genetic lineage-tracing approaches, Blanpain et al. [21] [12] . Functional studies support a pivotal role of miR-200c in regulating selfrenewal of mammary stem cells through a direct targeting of BMI-1 [12] , which encodes a subunit of the polycomb repressor complex 1 (PRC1) and functions as a self-renewal regulator. Expression of the self-renewal regulator BMI-1 is inhibited by miR-200c through direct interactions between the seeding sequence of miR-200c and the 3 0 UTR of BMI-1 [12, 22] . The miR-200 family also promotes mesenchymal-epithelial transition (MET) by targeting ZEB1 and ZEB2 with increased expression levels of E-cadherin in various cell lines [9] [10] [11] . In development, conserved miR-200 family members target FOG2 and the downstream PI3K and AKT pathway in many tissues [23] .
The mammary progenitor population (ALDH bright Sca-1 high ) isolated from Comma-Db cells exhibits high expression levels of miR-205 and miR-22, but low let-7 (let-7b and -7c) and miR-93 levels [24] . Hannon et al. [24] constructed a let-7c sensor with its perfect complement introduced into the 3 0 UTR of DsRed, thereby marking let-7 low cells DsRed-positive and let-7 high cells DsRed-negative. They found that DsRed ? (let-7 low ) cells can mark or enrich self-renewing populations, and enforced let-7 expression removes self-renewing cells from mixed cultures [24] . As one of the earliest identified miRNAs, let-7 is conserved between C. elegans [25] and mammals, and functions as a fundamental stem cell/differentiation regulator and tumor suppressor gene [26] by targeting let-60/ RAS [27] .
In addition to an up-regulation in progenitor-like [28, 29] . Other miRNAs, such as miR-138 and miR-431, are down-regulated whereas miR-133a and miR-133b are up-regulated in mammary glands during pregnancy and lactation compared to virgin and involuting mammary glands [30] . However, the functions of these miRNAs in mammary stem cells or differentiation have not been well characterized.
MicroRNA signatures as biomarkers in tumor diagnosis and prognosis

MicroRNA profiling methodology
The detection techniques for genome-wide miRNA expression profiling include oligonucleotide miRNA microarray analysis [31] , bead-based flow cytometry [32] , miRNA serial analysis of gene expression (miRAGE) [33] , the RNA-primed, array-based Klenow enzyme (RAKE) assay, quantitative real-time PCR [34] , and RNA deep sequencing [35] . Among these methods, microarray is the most frequently used and commercialized high-throughput technology, but it cannot distinguish mature miRNAs from pre-miRNAs or pri-miRNAs. Real-time PCR greatly improves detection specificity for mature miRNAs, and certain platforms are also available for high-throughput profiling. It is also used as a complementary validation approach after other high-throughput screenings. RNA sequencing represents the most advanced and expensive technology, which provides detailed information about mature sequences, precursors, genome locations, maturation processes, inferred transcriptional units, and conservation patterns [35] .
MiRNA profile data analyses are very similar to those for mRNA or DNA profile data, such as hierarchical clustering, significance analysis of microarrays (SAM) for gene and outcome association analyses, and prediction analysis of microarrays (PAM) for signature identifications [36] . The logistic regression and Kaplan-Meier survival estimator have been applied to identify prognostic biomarkers.
MicroRNA signatures of tumor tissues
Given the greater stability of miRNAs relative to mRNAs and the easier detection of miRNAs in circulation and paraffin-embedded tissues, miRNA signatures emerge as novel biomarkers for various tumors [36, 37] .
Using bead-based flow cytometric assays, Lu et al. [32] first profiled aberrant expression patterns of miRNAs in a large set of multiple human tumor tissues (n = 334), including breast cancer. They found that more than half of measured miRNAs were down-regulated in tumors compared to normal tissues. Hierarchical clustering of miRNA expression profiles for these tumors also implicated the developmental lineages and differentiation states of the tumors, suggesting a diagnostic advantage of miRNA profiles over mRNA expression [32] . However, this study, done a few years ago, only measured expression levels of the 217 miRNAs then known. With over 1,000 human miRNAs identified so far, new technologies for miRNA profiling will provide more comprehensive analyses of known or unknown miRNAs.
To identify miRNA signatures in solid tumors, Volinia et al. [38] profiled tumors of breast and other tissues using global miRNA microarrays. They found that miR-17-5p, miR-20a, miR-21, miR-92, miR-106a, and miR-155 are strongly associated with tumor development. These are possibly oncogenic and tumor-suppressor-like miRNAs that target tumor suppressors and oncogenes, respectively, such as miR-106a targeting RB1 and miR-20a targeting TGF-bR2, with inverse expression correlations between miRNA::mRNA pairs [38] . Clustering analyses identified shared miRNA signatures across 6 solid tumors, and 15 upregulated miRNAs and 12 down-regulated miRNAs were used to classify normal and cancerous breast tissues [38] .
In another study using miRNA microarray technology, Croce and colleagues identified a group of miRNAs differentially expressed in breast cancer versus normal breast tissue, including down-regulated let-7, miR-125, miR-10b, and miR-145, and up-regulated miR-155, miR-191, miR-21, miR-206, miR-210, and miR-213 [39] . Furthermore, a group of miRNAs were found to be associated with ER status (miR-26, miR-30, miR-185, miR-191, miR-206, and miR-212), progesterone receptor (PR) status (let-7c, miR-26a, miR-29b, and miR-30), tumor stage (miR-21, miR-181a, miR-30a-s, miR-213, etc.), lymph node metastasis (let-7 and miR-9-3), vascular invasion (miR-10b, miR-123, miR-29a, miR-205, etc.), and proliferation index (let-7, miR-26, miR-30a-5p, miR-102, and miR-145) [39] . MiR-145 promotes ES cell differentiation by a direct targeting of the core pluripotency factors OCT4, SOX2, and KLF4, thereby repressing the self-renewal program [40] .
Similar to mRNA expression profiling, which have been used to classify breast tumors into four or five intrinsic subtypes [41, 42] , miRNA expression profiles may also be applied to classify breast tumors, such as luminal A, luminal B, basal-like, HER2
? , and normal-like [43] . Individual miRNAs, such as let-7 family members, have been found to be associated with tumor subtype, ER status, and tumor grade [43] .
Recent studies by Buffa et al. [44] integrated mRNA and miRNA expression profiling (n = 207) to identify miRNAassociated progression pathways in breast cancer. In Tamoxifen-treated ER ? breast tumors, up-regulated miR135a in combination with a few down-regulated miRNAs (miR-128a, miR-767-3p, and miR-769-3p) represented a favorable low-risk signature that correlated with prolonged distant relapse-free survival (DRFS) [44] . In ER -breast tumors, the low-risk signature for DRFS integrated upregulated miRNAs (miR-342, miR-30c, miR-150, and miR-768-3p) along with down-regulated miRNAs (miR27b, miR-144, and miR-210) [44] . Bockhorn et al. [45] demonstrated that miR-30c is an individual prognostic marker for breast tumor DRFS.
Predicted miRNA target genes (e.g., MAPK14, MAPK8, and SPRY2) inversely correlated with miRNAs (miR-128a, miR-144, and miR-210, respectively) can further strengthen the prognostic power of the miRNA-mRNA combined signature and may indicate a role in regulating tumor growth and metastasis [44] . In triple-negative cancers, decreased miR-150 is associated with increased expression of multiple predicted targets including AKT2, ERBB3, S6K, and MAPK pathways. A similar pattern was found for miR-342 expression and expression of RRM2, G1,6-BPS, and TLE-1 [44] . The role of these genes in growth control may be relevant to the poor prognosis of many triple-negative breast cancers.
The above studies provided useful biomarker information for breast cancer. However, all these miRNA profiling studies were based on mixed populations of tumor and stromal cells. Additional studies will need to focus on further specific profiling for purified tumor cells and stromal cells, and even subpopulations of cancer cells, such as tumor initiating cells or cancer stem cells as discussed below. Furthermore, combined profiling at genomic, epigenetic, and protein modification levels will be necessary for personalized cancer medicine. Except for a few miRNAs, the functions of most prognostic miRNAs in breast cancer initiation and progression remain to be elucidated.
Role of microRNAs in breast cancer initiation and progression
Many miRNAs have consistent functions in a broad spectrum of tissues and tumors while others may have tissuespecific, tumor-specific, or tumor progression stage-specific roles. In addition to functional dissection of miRNAs in cancer, identification of their downstream target genes, especially direct targets in the functional signaling pathway, becomes one of the most essential aspects of miRNA characterization studies. Overall, most miRNAs inhibit target genes by interacting with the 3 0 UTRs of coding genes. Experimental validations include reduced target gene expression at the mRNA and/or protein levels and inhibitory effects of miRNAs on a luciferase reporter gene located upstream of the candidate gene 3 0 UTR. The functional importance of a target gene is usually examined by evaluating the effects of gene overexpression in miRNA phenotype rescue studies or gene knockdown in miRNA phenotype copying evaluations.
Introduction of breast cancer stem cells (BCSCs)
Increasing evidence suggests that cancer stem cells (CSCs) or tumor initiating cells (TICs) are a portion of tumor cells with stem cell-like properties, which can propagate human tumors with heterogeneous tumor populations in immunodeficient mice [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Based on cell surface markers CD44 and CD24, Clarke and colleagues [46] first identified human breast tumor initiating cells (BTICs) or breast cancer stem cells (BCSCs) that are able to regenerate breast tumors in vivo. They also discovered an ''invasiveness'' gene signature of BCSCs correlating with metastasis and poor prognosis [61] . Recent studies suggest that pancreatic CSCs mediate cancer metastasis [53] . Liu et al. [62] demonstrated that BCSCs are involved in spontaneous metastases of human breast cancer in orthotopic xenograft models. BCSCs are intrinsically resistant to traditional cancer therapies, such as chemotherapy and radiotherapy [63, 64] . While the epithelial-mesenchymal transition (EMT) marks invasive cells, Weinberg et al. [65] ? CD24 -Lin -human primary BCSCs compared to non-tumorigenic cancer cells [12] . Expression of the let-7 family (let-7a, b, c, d, e, f, g, and i) is reduced in both SKBR3 mammospheric cells and clinically isolated BCSCs, with a similar expression pattern compared to that of the miR-200 family [13] . From breast tumor profiling, these two miRNA families often share similar expression patterns, with differential expression across breast tumor subtypes [45] . The pivotal roles of miR-200 and let-7 are relatively well characterized in breast cancer initiation and self-renewal in addition to their general regulatory functions in normal development.
Shimono et al. [12] demonstrated that enforced expression of miR-200c disrupts BCSCs-mediated colony formation in vitro and inhibits tumorigenesis in vivo. Overexpression of 3 0 UTR-deficient BMI-1 rescues the phenotype caused by miR-200c, suggesting the importance of BMI-1 as a direct target in the miR-200c-mediated pathway regulating breast cancer initiation [12] . MiR-200b also regulates BCSC growth by directly targeting Suz12, which is a subunit of PRC2 and regulates EMT by repressing E-cadherin [66] . Many other groups have reported that miR-200 family members (miR-141, miR200a, b and c, and miR-429) regulate EMT by targeting the transcriptional repressors ZEB1 and ZEB2, thereby increasing E-cadherin expression [8] [9] [10] [11] .
Let-7 is a known tumor suppressor that targets oncogenes RAS and HMGA2 [13, 27, 67] . Yu et al. [13] reported that reduced let-7 is required for functional SKBR3 mammospheric cells (SK-3rd), as enforced expression of let-7 suppresses self-renewal and tumor initiation, while reduced let-7 levels, mediated by a let-7a antisense oligonucleotide, inhibit cell differentiation without affecting proliferation of these cells.
Similar to let-7, miR-30e was also shown to be downregulated in BCSCs and SK-3rd mammospheres compared to non-tumorigenic cells or more differentiated cells, respectively [68] . Enforced expression of miR-30e inhibits mammosphere formation and tumorigenesis of SK-3rd cells in vitro and in vivo, respectively, by targeting ITGB3 and UBC9 [68] .
Other miRNAs, such as the miR-181 family members (miR-181a and miR-181b) and miR-155, were reported as onco miRs which promote self-renewal, sphere formation, colony formation, or tumor development of breast cancer cells [69, 70] . The tumor suppressor ATM is a direct target of miR-181 and inhibits sphere formation of BT474 and MDA-MB 361 breast cancer cells by phosphorylating CHK2 [69] . Consistently, knockdown of ATM accelerates in vitro sphere formation and in vivo tumorigenesis of MDA-MB 361 breast cancer cells [69] . Notably, inflammation-associated miR-155 directly inhibits the tumor suppressor gene suppressor of cytokine signaling 1 (socs1) as well as activating the JAK-STAT3 signaling pathway in breast cancer cells [70] .
MicroRNAs in breast cancer metastasis
Metastasis causes 90 % of solid tumor-related mortality. In this cancer progression process or distant relapse, cancer cells need to accomplish five sequential steps: invade surrounding tissue, intravasate into tumor-associated vasculature or lymphatic vessels, circulate via the bloodstream or lymphatics, extravasate to, and then colonize at distant sites in the body [71] . Different cancers may metastasize to different organs, and breast cancer frequently colonizes the lungs, bones, and brain [72, 73] . Metastatic cancers are often resistant to traditional therapies and not curable in the clinic, thus requiring more comprehensive understanding of the molecular mechanisms involved. Research in the past five years has identified a number of miRNAs that regulate metastasis, especially breast cancer metastasis, such as miR-10b [5] , miR-335 [6] , miR-373, and miR-520 [4] . In addition, miR-200 and let-7 families are also involved in the regulation of metastasis [9, 11, 13] .
Although miR-10b was found to be down-regulated in breast cancer compared to normal tissue [39] , Ma et al. [5] reported miR-10b as a metastasis promoter in breast cancer cells, with higher expression in metastatic MDA-MB-231 cells compared to non-metastatic MCF-7 or MCF-10A cells. Anti-miR-10b inhibitor suppresses invasion of MDA-MB-231 cells, while enforced miR-10b expression enhances migration and invasion of non-metastatic HMEC and SUM149 cells as well as intravasation and lung metastases of SUM149 breast cancer cells in vivo [5] . MiR-10b directly targets HOXD10, which further suppresses the downstream oncogenic RHOC, suggesting a signaling cascade mediated by miR-10b, HOXD10, and RHOC in breast cancer cell migration and invasion [39] . However, in a separate study, the clinical profile of down-regulated miR-10b in breast tumors was not convincing to support a role for miR-10b in promoting human cancer metastasis [74] .
By profiling the MDA-MB-231 parental cell line and its derived bone/lung-metastatic cell lines (BoM1 and LM2), Tavazoie et al. [6] identified eight miRNAs (miR-335, miR-199a*, miR-122a, miR-126, miR-206, miR-203, miR-489, and miR-127) down-regulated in derived metastatic cells. Three of them, miR-335, miR-126, and miR-206, showed a similar reduced expression in other patient tumor-derived malignant cell lines (CN34-LM1 and CN34-BoM1) compared to parental cancer cells [6] . The restoration of these three miRNAs significantly inhibited dissemination and metastases of metastatic cell populations, where miR-335 and miR-206 suppressed migration and morphology but miR-126 reduced tumor growth and proliferation [6] . Expression levels of miR-335 and miR-126 are significantly associated with metastasis-free survival of breast cancer patients [6] . Based on microarray analyses of miR-335-expressing cells and LM2/BoM1 cells, the overlapping metastasis-relevant target gene signature of miR-335 includes SOX4, TNC, PTPRN2, MERTK, PLCB1, and COL1A1, the first four of which are direct targets [6] . SOX4 and TNC are important functional targets of miR-335, as knockdown of SOX4 or TNC decreases the migration, invasion, and lung colonization of LM2 cells [6] .
Huang et al. identified migration-promoting oncomiRs, miR-373 and miR-520, by employing a forward screening approach with a retroviral miRNA expression library (n = 450) to transduce MCF-7 cells [4] . These two miRNAs also enhance MCF-7 cell invasion in vitro and tail vein-inoculated lung metastasis in vivo [4] . Microarray analysis combined with TargetScan prediction and experimental validations demonstrated that CD44 is a direct functional target of miR-373 and miR-520c in metastasis regulation [4] . However, CD44 is a breast cancer stem cell marker [46] , and CD44 knock-out and other studies support the role of CD44 in promoting tumorigenesis and/or metastasis (see review [75] and other references [76] [77] [78] ). As MCF-7 cells may have cell-specific CD44 splicing variants or post-translational modifications, functions of the signaling cascade mediated by miR-373/miR-520-CD44 in metastasis regulation may also be cell contextdependent.
In human breast cancer, high levels of miR-103/107 are associated with poor outcome and promote metastasis and mesenchymal fate by targeting Dicer, resulting in downregulation of many miRNAs, including miR-200 levels [79] .
Other miRNAs involved in breast cancer metastasis include miR-21 [80] , miR-193b [81] , and miR-31 [82] . Mo [80] and colleagues reported that miR-21 promotes invasion and metastasis of MDA-MB-231 cells by a direct targeting of tumor suppressor genes TPM1, PDCD4, and maspin. MiR-31 inhibits MDA-MB-231 breast cancer cellmediated metastasis by targeting a cohort of prometastatic genes Fzd3, ITGA5, RDX, and RhoA [82] .
In addition to the regulatory role in normal development and tumorigenesis, the well-characterized miR-200 family and let-7 family also inhibit invasion, metastasis, and EMT of breast cancer [8, 9, 11, 13, 67] . However, while EMT is a critical feature for initiation of metastasis (invasion), homing of metastatic cells to distant organs and colonization may require a mesenchymal-epithelial transition (MET). One recent study argued that miR-200a might promote metastasis by accelerating the last step of metastasis colonization [83] .
Therefore, it is important to reconcile the roles of miRNAs at different stages of metastasis. Because invasion is the rate-limiting step of metastasis, much attention has been drawn to prevent and inhibit cancer invasion. However, the dynamics between EMT and MET during early and late stages of metastasis create an even more complicated situation for understanding and for formulating translational applications. How to effectively target metastatic cells at different stages requires more comprehensive investigations.
MicroRNAs in therapy resistance and tumor progression
As breast tumors or tumor-initiating cells may exhibit intrinsic resistance to cancer therapies [64, 84] , locally and distantly relapsed tumors often show acquired resistance to therapy. Therapy resistance is closely related to tumor progression and patient prognosis. The role of miRNAs in therapy resistance of breast cancer remains poorly characterized. A few miRNAs are listed below with their functions in regulating therapy resistance in vitro, but their role in therapy resistance has not yet been demonstrated in breast cancer models in vivo. Our recent studies, which take advantage of primary tumor-derived xenograft models labeled with a Luc2-eGFP or Luc2-tdTomato reporter, have facilitated the functional study of miRNAs in regulating chemo-resistance and tumor progression in vivo [45, 62] .
Expression of miR-221/222 has been reported to be up-regulated in tamoxifen-resistant MCF-7 cells or ERanegative breast cancer cells, as well as in endocrine therapy-resistant HER2
? or ERa -primary breast cancer tissues [85, 86] . In addition, ectopic expression of miR-221/222 can confer resistance to tamoxifen in MCF-7 cells by targeting the cell cycle inhibitor p27 Kip1 , resulting in increased proliferation and reduced apoptosis [85] , whereas knockdown of miR-221/222 restored tamoxifen sensitivity in MDA-MB-468 cells by increasing the expression of the direct target ERa [86] .
Up-regulation of miR-221/222 and miR-125b was also found in paclitaxel-resistant MDA-MB-435 breast cancer cells [87] . As one of the additional chemo-resistance regulators, miR-125b confers paclitaxel resistance in multiple breast cancer cell lines by a direct targeting of apoptosisinhibitor BAK1 [87] .
By miRNA array profiling, Kovalchuk et al. [88] identified 63 up-regulated and 75 down-regulated miRNAs in doxorubicin-resistant MCF-7 cells (MCF-7/DOX) compared with the parental cells. In MCF-7/DOX cells, down-regulated miR-127, miR-34a, miR-27b, and let-7 were associated with increased anti-apoptotic targets BCL6, NOTCH1, CYP1B1, and K-RAS, while up-regulated miR-206, miR-106a, miR-21, and miR-214 correlated with decreased levels of ERa, RB1, and PTEN target proteins [88] . However, the role of each miRNA in the resistance to doxorubicin therapy was not characterized. Although these authors demonstrated that overexpressed miR-451 sensitizes MCF-7 cells to doxorubicin treatment by a direct targeting of the Multi-Drug Resistance 1 (mdr1) gene, miR-451 was not shown to be among the down-regulated miRNAs of MCF-7/DOX cells [88] .
Acquired resistance to cisplatin in MCF-7 cells correlated with altered miRNAs and their targets, such as upregulation of miR-146, miR-10a/b, miR-221/222, miR-29a/ b, and miR-206, as well as down-regulation of miR-200b/c, miR-345, miR-126, miR-205, and miR-342 [89] . MiR-345 and miR-7 were shown to sensitize MCF-7 cells to cisplatin treatment by a direct targeting of the MRP1 (Abcc1) gene, which encodes the efflux-pump multi-drug resistance protein 1 [89] .
Many miRNAs also regulate therapy resistance in other cancer types. For instance, miR-214 induces cisplatin resistance by targeting PTEN in ovarian cancer [90] . In lung cancer cells, elevated levels of let-7 family members cause radiosensitization, whereas down-regulation of let-7 results in radioprotection [91] . In a C. elegans-based in vivo model, inhibition of the let-7 targets RAS and DNA damage response pathway components (RAD51, RAD21, FANCD2, and CDC25) mimicked the ability of let-7 to decrease radio resistance [91] .
Regulation of microRNAs in cancer
As aberrant expression of miRNAs contributes to development and progression of various cancers including breast cancer, it is important to understand the mechanisms regulating miRNA expression. Similar to protein coding genes, miRNA expression is regulated at genomic, epigenetic, and post-transcriptional levels (see review [36] ).
Calin et al. [92] reported that 98 of 186 miRNA genes (52.5 %) are located in cancer-associated genomic regions, such as fragile sites, minimal regions of loss of heterozygosity, minimal regions of amplification (minimal amplicons), and common breakpoint regions. For example, a few tumor suppressor miRNAs (miR-15a, miR-16-1, let-7 family members, and miR-29a/b) are located in regions (13q14, 302, 9d22.3, 11q23-q24, 21q21 , and 7q32) susceptible to chromosome deletions in prostate cancer, leukemia, breast cancer, and other tumors [92, 93] . Other onco miRs, such as miR-17-92 (13q31.3) and miR-155 (21q23), are overexpressed in lymphoma and many other tumors due to amplifications [92] . Sequence mutations have also been identified in the loci of miR-15a-16-1 and miR-29 family members [92] .
Altered miRNA levels in breast cancer cells, such as SKBR3, might be due to epigenetic deacetylations on histones, as HDAC inhibition increased expression of over 20 miRNAs and decreased expression of a few other miRNAs [94] . DNA methylation also plays an important role in down-regulating miRNAs in solid tumors [94] .
Specifically, Png et al. [95] reported both genetic and epigenetic mechanisms that contribute to decreased expression of the miR-335 metastasis suppressor in metastatic breast cancer cells. First, copy number loss of the miR-335 gene at the 7q32.2 locus was found in more metastatic derivatives of MDA-MB-231 cells compared to the parental cell line [95] . Second, methylation-specific PCR and pyrosequencing revealed hyper-methylated CpG islands at the Mest/miR-335 promoter, while inhibition of DNA methylation with 5-aza-deoxycytidine (5-Aza) increased endogenous miR-335 expression [95] .
Transcription factor-mediated regulation has been demonstrated for a few miRNAs that regulate metastasis or stem cell functions, such as miR-10b promoted by TWIST [5] , the miR-17-92 cluster directly transactivated by c-Myc [96] , and miR-200 and miR-203 repressed by ZEB1 [8, 22] . A recent study reported that ERa positively regulates miR-200c expression by directly binding to the miR-200c promoter, whereas the ERa promoter is repressed by IL-6-activated STAT3 [97] . Experimental evidence for direct transcriptional regulation include altered effects of modified transcription factors (TFs) on miRNA expression, endogenous interactions between TFs and the miRNA promoters examined by chromatin-immunoprecipitation, functional interactions between TFs and promoters by luciferase reporter assays, and specific binding by gel-shift assays.
The differential expression profiles or miRNAs across breast tumor subtypes might correlate with genomic loss or gain, primary transcription, and biogenesis or processing pathway components, such as DICER1 and AGO2 [43] . Deficiency or down-regulation of Drosha and Dicer has been found in triple-negative and basal-like breast tumors with poor prognosis [98] . For instance, the processing of let-7 family members was inhibited at the step of Drosha cleavage by LIN28 and LIN28B, two homologs of the C. elegans heterochronic gene lin-28, in both stem cells and primary tumors [99, 100] .
Lastly, functional inhibition of miRNAs by saturated binding to introduced substrates or sponges has been utilized in experimental studies [101] .
Future direction: microRNAs as cancer therapeutics
Due to their relatively small molecular weight (*6,000) and the endogenous power of targeting broad-range regulators, miRNAs have emerged as promising therapeuticsmiRNA inhibition (antagomirs) for onco miRs and miRNA replacement therapy for tumor suppressor-like miRNAs.
Because miRNA therapeutic development is relatively new, it can be facilitated by the more established siRNA therapeutics, since miRNAs share many common molecular properties and cellular processing machinery with siRNAs. MiRNAs target a broad range of target genes in a context-dependent manner. Thus, while miRNAs are powerful regulators, they may also elicit unexpected effects in certain cells or tissues. The promise of miRNA therapeutics in pre-clinical tumor models has been investigated by several research groups and has stimulated industry investment within the past few years. Since there are still no specific treatments available for triple-negative breast cancers beyond conventional therapies, we anticipate that novel therapeutics, including miRNAs and others, will provide additional options and pave the way for more personalized cancer medicine. However, the limitations of miRNA therapeutics must be overcome. It is still very challenging to deliver tumor cell-specific miRNA therapeutics via an affordable and convenient approach.
Delivery, stability, and tissue bioavailability Although synthetic miRNAs might be locally or systemically (intravenously) administered, negatively charged miRNAs have difficulty in penetrating hydrophobic cellular membranes, therefore requiring assisted cellular delivery. One approach is the use of lentiviral or adenoviral vectors expressing miRNA precursors or inhibitors (antagomirs) [102, 103] . However, the production of mature miRNAs is dependent on endogenous miRNA processing machinery, which is often compromised in tumor cells. A related concern is the safety issue of viral vectors in clinical applications. Other delivery approaches include nanoparticles or liposomes, which are among the very active forefront technologies for future translational medicine. Physiologically and pathologically, one type of small secreted membranous vesicles, called exosomes, may deliver RNAs including miRNAs, proteins, and lipids among different cells, such as tumor cells and stem cells [104, 105] (see review [106] ). However, it remains unclear and challenging how to engineer exosomes for delivering miRNA therapeutics. Free miRNAs may also bind to highdensity lipoproteins for transportation in plasma and possibly delivery to the cells in the liver tissue [107] .
MiRNAs are relatively more stable than mRNAs, but the half-life in circulation is still too short for practical therapeutic applications. Chemical modifications to stabilize miRNA inhibitors or antagomirs include (1) 2 0 -O-methyl (2 0 -O-M) ribose modification on each nucleotide, (2) modified phosphorothioate linkage, and (3) cholesterol functionality at the 3 0 end [108] . These can prolong the half-life of miRNAs and promote tissue distribution in liver, heart, kidney, adipose, and lungs [108] . Nanoparticle encapsulations of miRNAs would protect the stability and prolong half-life time of miRNAs in circulation.
Tissue-specific and cell-specific delivery is the goal of all targeted therapies. For miRNA therapeutics, approaches for targeted delivery may include conjugating miRNAs/ antagomirs or conjugating encapsulating particles to tissue/ cell-specific ligands or antigen-recognizing antibodies.
MicroRNA inhibition
Endogenous miRNAs can be silenced by antisense oligonucleotides (ASO) or antagomirs with chemical modifications, such as 2 0 -O-M ribose, phosphorothioate linkage, and cholesterol functionality [108] . Davis et al. [109] reported that 2 0 -O-methoxyethyl (2 0 -O-MOE) substituted RNA oligonucleotides, as well as a mixed locked nucleic acid (LNA)-DNA ASO and 2 0 -flouro (2 0 F) substitution improved targeting affinity for better efficiency than other modifications in inhibiting miR-21. Synthetic LNA-antimiR-122 was effectively administered via intravenous or intraperitoneal injections at doses of 1-10 mg/kg to antagonize the liver-expressed miR-122 in non-human primates [110] . However, for tumor treatment, it may require higher doses as the liver, kidney, and other organs may take up a large portion of antagomirs nonspecifically.
To inhibit oncomiR miR-10b's functions in breast tumor metastasis, Ma et al. [101] utilized modified antagomir-10b Fig. 1 A summary of miRNA regulators and biomarkers in the development of the normal mammary gland, breast cancer initiation, metastasis, and therapy resistance. In these four processes, mammary stem cells (MaSC), breast cancer stem cells (BCSCs), metastatic CSCs (MCSCs), and therapy-resistant CSCs (TRCSCs) are pivotal originators and/or critical cell players. The top panels list miRNA regulators, including suppressor-miRs in green and oncomiRs in red, in normal mammary gland development (MaSCs-originated), breast cancer initiation (BCSCs-mediated), breast cancer metastasis, and therapy resistance, respectively. These tumor-inhibiting suppressor-miRs and tumor-promoting oncomiRs are promising candidates for therapeutic intervention as miR replacement therapy or antagomirs. The bottom panels list miRNA biomarkers, coded as up-regulated miRs in red and down-regulated miRs in green, which showed differential expression in normal MaSCs/ mammary glands and primary breast tumors compared to distinct counterparts: (1) to inhibit cell motility and invasion of mouse breast tumor 4T1 cells in vitro at 50 lg/ml and in vivo at 50 mg/kg. No obvious side effect of the antagomir-10b was observed in the mouse model studies [101] . In neuroblastoma progression, the miRNA 17-5p-92 cluster functions as oncomiRs to promote cell growth and antagomir-17-5p abolishes therapy resistance by restoring p21 and BIM [111] . Antagomirs have also been used to treat other diseases, such as antagomir-133 for cardiac hypertrophy [112] .
MicroRNA replacement therapy
As breast cancer and many other tumors show overall down-regulated miRNAs expression compared to normal tissues [32] , miRNA replacement therapy is intended to restore the levels and functions of down-regulated tumor suppressor-like miRNAs, thereby inhibiting tumor initiation and progression. Distinct from the single-strand antagomirs, miRNA replacement therapy requires doublestranded miRNAs for functional recruitment to the RNAinduced silencing complex (RISC). The doubled molecular weight of miRNAs may be a further hurdle to overcome for efficient cellular delivery. Another big challenge is targeted tumor distribution with minimized uptake by the liver and other organs. Theoretically, viral vectors, liposomes, or nanoparticles designed for targeted delivery of siRNA therapeutics may also be appropriate for miRNA encapsulation and delivery.
Experimental miRNA replacement therapies have been tested in many solid tumor models, and these miRNA delivery approaches could possibly be applied to breast cancer treatment. A few examples are listed below using adenoviral vectors, nanoparticles and lipid-based materials to deliver miRNAs in vivo.
Kota et al. [103] utilized adeno-associated virus (AAV) to systemically deliver miR-26a (10 12 AAV vector genomes per animal by tail vein injection), which directly targets cyclins D2 and E2, for treating liver cancer with inhibited cancer cell proliferation and induced tumor-specific apoptosis. In this study, normal tissues tolerated the treatment well [103] , suggesting the promise of miRNA replacement therapy with minimal side effects.
Ibrahim et al. [113] took advantage of siRNA-delivering nanoparticle material polyethylenimines (PEI) F25-LMW to encapsulate non-modified miR-145 and miR-33 (doublestranded Dicer processing product) at an N/P ratio = 33. When systemically or locally administered, both PEI/miR-145 and PEI/miR-33a showed significant tumor-inhibiting effects on a colon cancer model [113] .
Complexed with a lipid-based transfection reagent si-PORT amine (siPORT), let-7b was shown to inhibit lung tumor growth when repeatedly administered to mice by intratumoral injections (6.25 lg miR per injection to subcutaneous tumors) [114] . An intranasal delivery of let-7a to lung tumors was facilitated by lentiviral vectors (10 6 infectious units per injection) [114] .
Using a lipid-based delivery tool, Wiggins et al. [115] reported that intratumoral or systemic injections of miR34a (100 lg of oligo) induced growth-inhibiting and apoptosis-inducing effects in cultured cancer cells and in vivo by repression of c-Met and Bcl-2, as well as partial repression of CDK4.
However, no study has yet achieved targeted delivery of miRNA therapeutics. Future directions will need to focus on developing tumor-specific and cancer stem cell-targeted miRNA therapeutics to combine with other cancer therapies, thereby contributing to the prevention and eradication of breast and other kinds of cancer.
Conclusions
Overall, as summarized in Fig. 1 , many miRNAs have been identified as biomarkers and/or characterized as indispensable regulators in both normal mammary, and breast cancer development, including cancer initiation, metastasis, and therapy resistance. The functional miRNA regulators hold the potential for development of novel miRNA therapeutics, including both antagomirs to inhibit oncomiRs and miRNA replacement therapy to restore levels of tumor suppressor-like miRNAs.
Future miRNA biomarker studies will need to specify tumor cells and stromal cells and distinguish subpopulations of tumor cells, especially CSCs and non-tumorigenic cells. Advancement in technology for miRNA profiling of individual cancer patients will facilitate personalized cancer medicine which must be based on comprehensive miRNA functional studies. It is of particular interest to identify more novel prognostic markers which are also critical regulators of breast cancer because these miRNAs hold great potential for applications in translational medicine.
Given the continued high incidence and death rates for breast cancer, it is essential for researchers, physicians, and advocates to work together to develop novel approaches for the prevention, treatment, and management of breast cancer.
